To identify the structural elements of the prion protein (PrP) necessary for its protective function against Bax, we performed structure-function analyses of the anti-Bax function of cytosolic PrP (CyPrP) in MCF-7 cells. Deletions of 1, 2, or 3 N-terminal BH2-like octapeptide repeats (BORs), but not deletion of all 4 BORs, abolish CyPrP's anti-Bax function. Deletion of α-helix 3 (PrP ) or further C-terminal deletions of α-helix 1 and 2, and β-strand 1 and 2 (PrP 23-172 , PrP 23-160 , PrP 23-143 , PrP 23-127 ) eliminates CyPrP's protection against Bax-mediated cell death. The substitution of helix 3 amino acid residues K204, V210, and E219 by proline inhibits the anti-Bax function of CyPrP. The substitution of K204, but not V210 and E219, by alanine residues also prevents CyPrP's anti-Bax function. Expression of PrP's helix 3 displays anti-Bax activity in MCF-7 cells and in human neurons. Together, these results indicate that although the BOR domain has an influence on PrP's anti-Bax function, the helix 3 is necessary and sufficient for the anti-Bax function of CyPrP. Identification of helix 3 as the structural element for the anti-Bax function thus provides a molecular target to modulate PrP's anti-Bax function in cancer and neurodegeneration.
INTRODUCTION
While the role of prion protein (PrP) in transmissible prion diseases is highly investigated, less is known on the physiological function of the normal cellular PrP. PrP is a highly expressed glycoprotein in brain and peripheral tissues (Prusiner et al. 1998 ). Most of the PrP is secreted and accumulates on the cell surface as a glycosylphosphatidylinositol (GPI)-anchored protein.
However, it was discovered that some PrP is also retrotranslocated in the cytosol where it accumulates in a subset of neurons in the hippocampus, neocortex, and thalamus (Zanusso et al. 1999; Ma and Lindquist 2001; Yedidia et al. 2001; Mironov et al. 2003; Roucou et al. 2003) . PrP promotes neuroprotection in vivo and in vitro. PrP null mice are more susceptible to ischemia, Doppel and N-terminally truncated PrP-induced cytotoxicity (Shmerling et al. 1998; Moore et al. 2001; Mitteregger et al. 2007 ). Furthermore, PrP null mice are more susceptible to axotomy-induced cell death and kainic acid-induced seizures (Walz et al. 1999; Coulpier et al. 2006) . In vitro, PrP protects against oxidative stress (Brown et al. 1997a; Brown et al. 1999) , serum deprivation (Kuwahara et al. 1999) , and anisomycin-induced cell death Zanata et al. 2002) . PrP renders human breast carcinoma MCF-7 cells resistant to tumor necrosis factor α (Diarra- Mehrpour et al. 2004 ). Down-regulation of PrP increases sensitivity to adriamycin in adriamycin-resistant MCF-7 cells (Meslin et al. 2007a) . Accordingly, breast tumors resistant to adjuvant chemotherapy express higher levels of PrP (Meslin et al. 2007b) . Moreover, PrP is overexpressed and promotes cell survival in gastric cancer cells (Liang et al. 2006) .
At the molecular level, PrP inhibits Bax-mediated cell death in human primary neurons, human differentiated neuronal NT2 teratocarcinoma cells, Saccharomyces Cerevisiae, and MCF-7 cells (Bounhar et al. 2001; Roucou et al. 2004; Li and Harris 2005; Roucou et al. 2005; Bounhar et al. 2006) . The anti-Bax function of PrP is physiological since PrP antisense constructs promote susceptibility to Bax-mediated cell death in human primary neurons (Bounhar et al. 2001) . In human neurons and MCF-7 cells, PrP prevents the initial conformational change of Bax resulting in Bax translocation to the mitochondrial membrane, cytochrome c release and cell death. PrP is thus considered a bona fide Bax inhibitor (Roucou et al. 2005 ). The antiapoptotic effect of PrP is specific to Bax since PrP does not inhibit Bak and Bid (Roucou et al. 2005) . Despite being Bax-specific, PrP does not interact directly with Bax (Lin et al. 2008 ). This suggests that PrP requires an intermediate to carry out its anti-Bax function. This intermediate is most likely not a Bcl-2 protein because PrP can protect against Bax-mediated cell death in yeast, which are genetically deficient for Bcl-2 gene family members (Li and Harris 2005; Bounhar et al. 2006 ). Yet the predominant anti-Bax form of PrP is the retrotranslocated cytosolic PrP (CyPrP) and not the more abundant cell surface GPI-anchored PrP (Lin et al. 2008) .
Given the role of PrP in neuroprotection or survival of breast cancer cells, understanding the functional region or domain of PrP that is responsible for the anti-Bax function could provide a therapeutic target against neurodegenerative diseases and drug resistance in cancer cells. Structure-function analyses are often useful in determining underlying molecular mechanisms of protein action through the identification of regulatory or functional domains. The structural domains susceptible to be involved in the anti-Bax function of PrP include the octapeptide repeat (OR) region (residues 51-91) and the globular C-terminal region of PrP. The ORs are implicated in copper binding (Brown et al. 1997b; Viles et al. 1999) , as well as protection against oxidative stress (Rachidi et al. 2003; Dupiereux et al. 2007 ) and Doppel neurotoxicity (Drisaldi et al. 2004) . Interestingly, embedded in this motif are four other octarepeats (residues 56-87) that show similarity to the Bcl-2 homology domain 2 (BH2 domain) of the anti-apoptotic Bcl-2 protein (LeBlanc 1998). In Bcl-2, the BH2 domain is required for protection against Baxmediated cell death (Yin et al. 1994) as are these BH2-like octapeptide repeats (BORs) since their deletion abolishes the anti-Bax function of PrP in human primary neurons (Bounhar et al. 2001) . Moreover, both Bcl-2 and PrP are able to rescue PrP null hippocampal cell lines against serum deprivation (Kuwahara et al. 1999) and PrP null mice against N-truncated PrPmediated toxicity (Nicolas et al. 2007) . A second potential anti-Bax domain of PrP is its structured C-terminal region. This globular domain contains two β-strands and three α-helices (Riek et al. 1996; Donne et al. 1997; Zahn et al. 2000) . Most of the familial human PrP mutations associated with prion diseases are localized in the globular domain. Some mutations can destabilize PrP structure (Swietnicki et al. 1998; Liemann and Glockshuber 1999) or cause misfolding into a form partially resistant to proteinase K digestion (Vanik and Surewicz 2002; Kiachopoulos et al. 2005) , a property associated with the disease form of PrP (McKinley et al. 1983) .
In this study, we investigated the role of the BORs and the globular domain of PrP in the antiBax function by generating a number of deletions and single point mutations of PrP to identify the region of PrP necessary for PrP's anti-Bax function. While the BORs influence the ability of PrP to inhibit Bax-mediated cell death, the helix 3 region is sufficient to confer anti-Bax activity in MCF-7 cells and in human neurons.
EXPERIMENTAL PROCEDURES

Cell cultures
Human primary neurons were cultured from fetal brains, obtained with ethical approval from the McGill University Institutional Review Board, as described previously (LeBlanc et al. 1997) . All cell lines were obtained from American Type Culture Collection (Manassas, VA). MCF-7 cells (Soule et al. 1973) were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS, HyClone, Logan, UT). Mouse neuroblastoma N2a cells were cultured in Minimal Essential Medium (MEM) and 10% FBS.
Site-directed mutagenesis, cloning and sequencing of PrP mutants
All human PrP mutants carried a valine residue at position 129 and were cloned into the bigenic pBudCE4.1 vector (Invitrogen, Carlsbad, CA). EGFP or EGFP-Bax cDNA were subcloned under the EF-1α promoter of pBudCE4.1 and PrP cDNA was subcloned under the CMV promoter as described previously (Jodoin et al. 2007 ). The details of the primers, templates and techniques used to create the mutations are found in Table 1 . Briefly, the mutants were either created by PCR amplification of a given region of PrP, which was then subcloned into pBud-EGFP or pBud-EGFP-Bax or generated by the Quikchange Site-Directed Mutagenesis protocol (Stratagene, LaJolla, CA).
Full-length PrP lacking all four BORs (PrPΔBOR4) has been described previously under the name PrPΔOR (Bounhar et al. 2001) . The BH2 domain of the Bcl-2 protein was inserted in PrP in place of the BOR domain to create the PrPΔBOR4/BH2 mutant. CyPrPΔBOR1, CyPrPΔBOR2, CyPrPΔBOR3, and CyPrPΔBOR4 are CyPrP lacking one, two, three, or all four BORs. α-helices and β-strands from the C-terminal globular domain of PrP were sequentially removed from CyPrP to create the deletion mutants CyPrP 23-227 , CyPrP , CyPrP 23-172 , CyPrP 23-160 , CyPrP , and CyPrP 23-127 . K204, V210 or E219 were replaced by proline or alanine residues in CyPrP to generate K204P, V210P, E219P, K204A, V210A, and E219A. The PrP α-helix 3 DNA encoding amino acid residues 198 to 231 was amplified by PCR with a primer introducing a Kozak sequence and an N-terminal methionine start codon. The amplified DNA was introduced in frame with the myc epitope and His tag of pBud-EGFP or pBud EGFP-Bax. A version without tags was also produced. The PrP mutants were verified by sequencing at the Genome Quebec Innovation Centre sequencing platform (Montréal, QC).
Molecular Modeling
The 3D model of the globular domain of PrP showing the position of the K204, V210 and E219 amino acid residues was made using Pymol molecular visualization software (DeLano 2002) (DeLano Scientific, Palo Alto, CA) and the Protein Databank file 1qlx (Zahn et al. 2000) .
Transfections
MCF-7 cells were either plated on glass coverslips in 24 well plates (2.5×10 5 cells/well) for cell death assays or directly in 6 well plates (1.5×10 6 cells/well) for expression assays. Human primary neurons (1.5×10 5 cells) were plated on poly-L-lysine (Sigma-Aldrich, St-Louis, MI) coated plastic Aclar coverslips for cell death assays. N2a cells were plated directly in 6 well plates at a density of 0.8×10 6 cells/well for expression assays. The N2a and MCF-7 cells were transfected with 0.8μg of DNA for the 24 well plates or 4 μg of DNA for the 6 well plates with the Lipofectamine™ 2000 transfection reagent (Invitrogen, Carlsbad, CA). Lipofectamine™ 2000 is slightly toxic in MCF-7 cells and we realized that despite being simpler as a technique and yielding statistically significant results, that results obtained with lipofectamine ( Figures  2A, 3A&B , 4A) had high cell death values in EGFP-transfected cells. We therefore switched to the Helios Gene Gun system (BioRad, Mississauga, ON), for MCF-7 and human neuron transfections, as described previously (Jodoin et al. 2007 ). The DNA used for the transfections was purified with the UltraClean™ Endotoxin Removal Kit (MoBio, Carlsbad, CA) according to the manufacturer's protocol.
Cell death measurements
Condensed chromatin: Twenty-four hours after transfection, cells were fixed in a solution of 4% paraformaldehyde (Sigma-Aldrich) and 4% sucrose (Bioshop, Burlington, ON) in phosphate-buffered saline (PBS: 150 mM NaCl, 2.7 mM KCl, 1.3 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 pH 7.4) and the chromatin was stained for 20 minutes with 0. 
Subcellular fractionation
Subcellular fractionation of PrPΔBOR4 and wild-type PrP was performed as described previously (Jodoin et al. 2007 ).
Western blot analyses
Twenty-four hours after transfection, cells were either directly harvested or treated for 24h with 0.25 μM epoxomicin (BioMol, Plymouth Meeting, PA). Cellular proteins were extracted in non-ionic detergent Nonidet P-40 (NP-40) lysis buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM EDTA pH 8.0) for 10 min on ice. Detergent-insoluble proteins were separated by centrifugation at 16 245 × g for 10 min at 4°C and insoluble proteins were resolubilized in 2% sodium dodecyl sulfate (SDS). Fifty or 100 μg of proteins, as quantified by bicinchoninic acid (BCA) assay (Pierce, Rockford, IL), were precipitated in four volumes of ice-cold 100% methanol overnight at -20°C. The proteins were centrifuged at 16,245 × g for 15 minutes at 4°C and resuspended in 20 μl Laemmli sample buffer (0.5% SDS (w/v), 1.25% β-mercaptoethanol, (v/v), 2.5% glycerol (v/v), 0.01% bromophenol blue (w/v), 15.6 mM TrisHCl, pH 6.8). Proteins were submitted to 15% SDS-PAGE and transferred to PVDF membranes. The membranes were probed with the anti-PrP 3F4 (Kascsak et al. 1987) (1:1000), anti-β-actin (1:1000, Clone AC-15, Sigma, Oakville, ON), anti-mtHsp70 (1/1000, Clone JG1: Affinity Bioreagents, Golden, CO), anti-His Tag (1:200, EMD Bioscience, Gibbstown, NJ), and anti-GFP (1:1000, B-2, Santa Cruz Biotechnology, Santa Cruz, CA) antibodies. Immunoreactivity was revealed with horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody (Jackson Immnunoresearch Laboratories, West Grove, PA) and chemiluminescence reagents (Millipore, Billerica, MA).
Statistical analysis
Statistical analyses were done with StatView 5.0 software (SAS Institute Inc., Cary, NC) by an analysis of variance (ANOVA) followed by a Post-hoc Scheffé test. A p value under 0.05 was considered a significant difference.
RESULTS
Substitution of the BOR domain of full-length PrP by the BH2 domain of the Bcl-2 protein does not rescue the anti-Bax function of PrPΔBOR4
It was previously shown that the deletion of the BOR domain from full-length PrP (PrPΔBOR4) abolishes its anti-Bax function in human neurons (Bounhar et al. 2001) . To investigate the role of the BOR domain in MCF-7 cells, the PrPΔBOR4 was subcloned under the CMV promoter in the bigenic vector pBudCE4.1 containing EGFP or EGFP-Bax cDNA under the EF-1α promoter (Fig. 1A) . The expression of N-terminally EGFP-fused Bax is sufficient to activate Bax-mediated cell death and assures specific Bax activation in comparison to using an apoptotic insult that would activate several cell death pathways concomitantly. In transfected cells, PrPΔBOR4 migrates as several protein bands ranging from 23 to 36 kDa whereas fulllength wild type PrP migrates mostly as a mature 36 kDa protein, similar to PrP from Syrian Hamster PrP transgenic mouse brain protein extracts (Fig. 1B) . This difference in glycosylation suggests that PrPΔBOR4 accumulates as an immature glycosylated protein. Neither PrP nor PrPΔBOR4 are toxic to MCF-7 cells (Fig. 1C) . Wild-type PrP significantly protects against Bax-mediated cell death in MCF-7 cells but PrPΔBOR4 does not (Fig. 1C) , consistent with our previous observations in human neurons (Bounhar et al. 2001) . The loss of anti-Bax function in PrPΔBOR4 is not due to decreased retrotranslocation since cytosolic PrPΔBOR4 is easily detected in subcellular cytosolic and membrane fractions of transfected cells (Fig.  1D) . Thus, it is likely that the loss of function is attributable to the altered structure of the protein.
Next, we assessed if the loss of function in PrPΔBOR4 could be rescued by replacing the BORs by the BH2 domain of Bcl-2 (Fig. 1A) . The results show that PrPΔBOR4/BH2 does not rescue the loss of anti-Bax function in PrPΔBOR4 (Fig. 1C) although it is expressed at higher levels than PrP (Fig. 1B) and is not cytotoxic (Fig. 1C) . This result indicates that despite a similarity in their sequences, the BOR domain of PrP is not functionally similar to the BH2 domain of Bcl-2.
Partial but not complete deletion of BOR abolishes CyPrP anti-Bax function
Because CyPrP is the form of PrP responsible for the anti-Bax function (Lin et al. 2008) , we re-examined the involvement of the BOR domain in CyPrP's anti-Bax function. We further tested if these repeats act in cooperation by sequentially deleting each repeat from CyPrP ( Fig.  2A) . In transfected cells, each mutant migrates as a progressively shorter protein with more extensive deletions, as expected (Fig. 2B) . Deletion of one, two, or three repeats eliminates the anti-Bax function ( Fig. 2A) . In the case of CyPrPΔBOR1, statistically significant cytotoxicity is also observed, thus it is difficult to determine the anti-Bax function for this mutant. Unexpectedly, the deletion of all four BORs retains the anti-Bax function ( Fig. 2A ). This contrasts with the loss of anti-Bax function of PrPΔBOR4 in MCF-7 cells (Fig. 1C) and in human neurons (Bounhar et al. 2001) . Nevertheless, the loss of anti-Bax function in the partial BOR deletions indicates that this domain is involved in PrP's anti-Bax function.
Deletion of the C-terminal helix 3 abolishes CyPrP anti-Bax function
Mutants carrying sequential deletions of the cDNA regions encoding the 3 α-helices and 2 β-strands of PrP were tested (Fig. 3A) . None of the deletions causes toxicity in the cells (Fig.  3A) . Deletion of amino acid residues 200 to 231 from CyPrP (CyPrP ) abolishes the antiBax function in MCF-7 cells (Fig. 3A) . Further deletions of α-helices 2 and 1 and β-strands 1 and 2 also eliminate PrP's role against Bax-mediated cell death (Fig. 3A) . All the deletion mutants are highly expressed except for CyPrP (Fig. 3C) . Therefore, the loss of function is not due to faulty expression. These results indicate that amino acid residues 200 to 231 of CyPrP, which contain helix 3 and four non-helical C-terminal amino acid residues of CyPrP, are required for CyPrP's anti-Bax function.
To verify if those four C-terminal amino acid residues are required for PrP's anti-Bax function, we constructed a CyPrP 23-227 mutant lacking these amino acid residues (Fig. 3B) . This deletion mutant is expressed in cells (Fig. 3D ) and retains the anti-Bax function (Fig. 3B) . Together, these results indicate that the helix 3 region is required for the anti-Bax function of PrP.
Substitution of helix 3 K204, V210 and E219 amino acid residues by prolines causes a loss of CyPrP's anti-Bax function
To determine if the helical structure of helix 3 is necessary for the protection against EGFPBax-mediated cell death, amino acid residues at positions 204, 210 and 219 in CyPrP were substituted by a proline to disrupt its helical conformation (Fig. 4A) . These mutants represent a substitution in each turn of the helix, omitting the C214 residue involved in the disulfide bond and amino acid residues after E219 since the helical structure is already unstable beyond this point (Zahn et al. 2000) . K204 and E219 are on the surface of the folded structure while V210 is part of the hydrophobic core of PrP (Fig. 4B) . Each of these mutants is expressed at equivalent levels in transfected cells considering their transfection efficiency determined by anti-GFP immunoblotting (Fig. 4C) . None of the mutants are toxic. The introduction of proline residues in K204, V210 and E219 results in a loss of anti-Bax function (Fig. 4A) . These results indicate that helix 3 stability is a requirement for CyPrP anti-Bax function.
Substitution of helix 3 amino acid residues by alanines shows that the N-terminal portion of helix 3 is required for CyPrP anti-Bax function
Because disruption of the helix 3 region with prolines in CyPrP can affect the structure of the entire globular domain of CyPrP, we replaced helix 3 amino acid residues 204, 210 and 219 by alanines to further study the involvement of this helix 3 in the anti-Bax function. These mutations are predicted to have little effect on the structure of CyPrP (Blaber et al. 1993 ). However, replacing K204 by an alanine residue does break an ionic bond with E200, which destabilizes the structure of a helix 3 peptide (Gallo et al. 2005) . These alanine mutants are all expressed (Fig. 4D) . The replacement of K204 by an alanine abolishes the anti-Bax function while the replacement of V210 and E219 by alanine residues has no effect (Fig. 4E) . These results show that the K204 amino acid residue of helix 3 is most important for the anti-Bax function.
Helix 3 of PrP encompasses the anti-Bax function in MCF-7 cells and in human primary neurons
To assess if the helix 3 region is directly responsible for PrP's anti-Bax function, we cloned amino acid residues 198 to 231 of PrP in frame with the myc and His tags (helix 3 tag) in pBud vectors and tested these constructs' ability to prevent Bax-mediated cell death (Fig. 5A) . The expression of helix-3 from this construct is observed with an anti-His Tag western blot (Fig.  5B) . Similar to CyPrP, helix 3 tag significantly prevents Bax-mediated cell death in MCF-7 cells as observed with either Hoechst staining of condensed chromatin (Fig. 5C ) or FLICA detection of active caspases (Fig. 5D ).
The MCF-7 cells constitute a simpler system to perform structure-function analyses than primary human neurons. After we found the important anti-Bax region in helix 3, we verified if helix 3 could also prevent Bax-mediated cell death in primary human neurons (Fig. 6 ). Similar to our observations in MCF-7 cells, the helix 3 tag prevents Bax-mediated cell death in human neurons as shown with Hoechst staining (Fig. 6B) or TUNEL labeling (Fig. 6C) . To determine if helix 3 is functional in absence of the tags, we made a second construct without the myc and His tags (helix 3) (Fig. 6A) . Again, helix 3 inhibits Bax-mediated cell death assayed with Hoechst (Fig. 6B) or TUNEL staining (Fig. 6C) . Compared to MCF-7 cells, CyPrP and PrP helix 3 have a stronger protection against EGFP-Bax-mediated cell death in human neurons. The incomplete protection of CyPrP or PrP helix 3 in MCF-7 cells is likely due to Bax-mediated activation of PrP insensitive pro-apoptotic pathways such as Bak or Bid (Roucou et al. 2005) . Together, these results show that helix 3 is sufficient for the anti-Bax function of PrP.
DISCUSSION
In this manuscript, we conclude that the helix 3 region is necessary and sufficient for the antiBax function of PrP. This conclusion is based on the fact that [1] deletion of the C-terminal 200-227 amino acids of PrP that encompass helix 3 results in a loss of anti-Bax function, [2] substitution of the K204, V210 and E219 amino acid residues with the helix disrupting proline amino acid residue destroys the anti-Bax function of PrP, [3] substitution of K204 with alanine also disrupts PrP anti-Bax function, and [4] expressing the helix 3 alone is sufficient to inhibit Bax-mediated cell death in MCF-7 cells and in primary human neurons. A search for similarities between the amino acid sequence of helix 3 and other proteins revealed only prion proteins from various species and no similarities between this sequence and other anti-Bax proteins. Therefore, the anti-Bax function of helix 3 is quite unique and differs from that found in a number of cytosolic anti-Bax proteins such as humanin, clusterin or Ku70 (reviewed by (Walensky 2006) ). However, involvement of helix 3 in PrP's anti-Bax function is reminiscent of the survival or cell death role of α-helices in Bcl-2 family members (Walensky 2006) . Interestingly, deletion of amino acids 201-217 in mouse PrP containing a deletion of amino acid 23-88 results in a neurodegenerative disease showing some nerve cell loss, cytoplasmic inclusions in enlarged neurons and excess endoplasmic reticulum characteristic of a neuronal storage disease (Muramoto et al. 1997) . However, simply deleting the amino acids 23-88 does not induce neurodegeneration. Therefore, deletion of the anti-Bax function in helix 3 could be responsible for the observed pathologies in these mice, but only if PrP plays an important physiological role in preventing Bax activation in neurons. Alternatively, the deletion mutant protein causes toxicity. Our findings warrant revisiting this model to elucidate the underlying molecular mechanism of this neurodegeneration.
The structural element that is necessary for helix 3 anti-Bax function is likely the helical structure itself. Disruption of the helical structure by the substitution of K204, V210 and E219 with the helix breaking proline amino acid eliminates the function of PrP against Bax-mediated cell death. With milder alanine substitutions, only the K204A mutant loses the anti-Bax function. This substitution disrupts the helical structure of the helix 3 peptide which in vitro displays structural autonomy (Gallo et al. 2005 ). In Gallo et al. (Gallo et al. 2005) , it is believed that the K204 forms an ionic bond with amino acid residue E200, hence disruption of this bond could alter the structural features of the N-terminus of helix 3. However, the E200K familial PrP mutant with a Val at codon 129 (Val 129) retains the anti-Bax function of PrP entirely and the Met129 E200K PrP mutant retains partial function (Jodoin et al. 2007 ). This indicates that the disruption of the E200-K204 ionic bond may not be sufficient to explain the loss of helical structure and anti-Bax function. Alternatively, the K204 could be part of an amino acid motif that is responsible for PrP's anti-Bax function. However, while K204 is entirely conserved in the PrP of all mammalian species and in chicken, amino acid variations are observed at V203, M205, M206 and E207 (Kim et al. 2008) . Furthermore, the helix 3 V203I, R208H and E211Q familial PrP mutants retain the anti-Bax function of PrP (Jodoin et al. 2007) , and the V210A and E219A PrP mutants studied in this paper also retain anti-Bax function in MCF-7 cells. Therefore, the results indicate that the K204 performs an essential function in PrP's anti-Bax function. Exactly how the K204 amino acid residue functions will only be elucidated by identifying the molecular mechanism involved in PrP's anti-Bax function. We have previously excluded a direct interaction of PrP with Bax and also other Bcl-2 family members (Bounhar et al. 2006; Lin et al. 2008) . We can now use this sequence to search for interacting proteins that would mediate PrP's anti-Bax function.
While the helix 3 region is most important for the anti-Bax function of CyPrP, the N-terminal BOR domain also is implicated. Deletion of the four BORs does not affect the anti-Bax function of CyPrP, but deletion of the same BORs in the full length PrP loses the anti-Bax function in both human primary neurons and MCF-7 cells (Bounhar et al. 2001) . A number of factors may explain the difference between retrotranslocated and cytosolically expressed CyPrPΔBOR4. We exclude the possibility that the loss of PrP anti-Bax function in PrPΔBOR4 is due to a defect of PrP retrotranslocation, as previously shown with a number of Creutzfeldt-Jakob disease-associated PrP mutants (Jodoin et al. 2007 ). However, the retrotranslocated, but not cytosolically expressed, CyPrPΔBOR4, is glycosylated. The glycosylation is expected since the epoxomicin proteasomal inhibitor added to increase the detection of CyPrPΔBOR4 blocks both the deglycosylation and degradation of retrotranslocated cytosolic proteins (Karaivanova and Spiro 2000) . Glycosylation may alter the structure of the protein resulting in a loss of the anti-Bax function of PrP. Alternatively, different chaperones could be involved in the folding of secreted and cytosolically synthesized proteins (Ellgaard and Helenius 2001) . Furthermore, our data showing that deletion of only one, two, or three of the four BORs in the CyPrP results in a loss of anti-Bax function whereas deletion of the four BORs retains function could be explained by the possibility that these deletions differentially affect the structure of CyPrP. Therefore, it is possible that retro-translocated PrPΔBOR4 is folded differently than CyPrPΔBOR4.
It appears that even if the N-terminal region influences the anti-Bax function of PrP, it is not sufficient because the C-terminal deletion constructs do not have any anti-Bax activity despite retaining intact BOR domains. It may be that the N-terminal BOR region regulates the Cterminal helix 3 anti-Bax function. Indeed, it has been shown that the N-terminus of PrP regulates the C-terminal structure of PrP (Zahn et al. 2000) . Together, the influence of complete or partial BOR deletions in either full length or CyPrP on the anti-Bax function of PrP is consistent with the role of the OR against Doppel-and ischemia-mediated cell death in vivo (Atarashi et al. 2003; Mitteregger et al. 2007 ).
This study is the first to implicate the helix 3 region of PrP in a protective function. Elucidating the anti-Bax region of PrP provides a molecular handle upon which to develop therapeutic strategies against Bax in neurodegenerative diseases and an essential tool to further characterize the underlying molecular mechanism of PrP inhibition of Bax activation. Furthermore, helix 3 of PrP can be used to develop therapeutic strategies to prevent PrP's anti-Bax function in cancer cells. Since host PrP is essential to transmissible spongiform encephalopathies (TSEs), deletion of the PRNP gene is considered as a mean of disease prevention. An alternative approach to prevention against TSEs could involve selective deletion of the PrP regions implicated in disease transmission while leaving the protective helix 3 intact. and PrPΔBOR4/BH2. Abbreviations: SP: N-terminal ER-targeting signal peptide (residues 1-23), BOR: BH2-like octapeptide repeats (residues 56-87), as opposed to standard octapeptide repeats (residues 51-91), STE: Stop-transfer effector sequence (residues 104-111), TM: transmembrane domain (residues 112-135), β1 and β2: beta-strands 1 (residues 128-131) and 2 (residues 161-164), α1, α2 and α3: alpha-helices 1 (residues 144-154), 2 (residues 173-194) and 3 (residues 200-227), GPI: glycosyl phosphatidylinositol anchor signal (residues 232-253). B. Western blot of 100 μg SDS-soluble proteins extracted from EGFP, PrP, PrPΔBOR4, PrPΔBOR4/BH2, or Mock-transfected cells with 3F4 anti-PrP and anti-β-actin antibodies. Percentage of apoptotic cells displaying DNA fragmentation assayed by TUNEL in human neurons transfected with pBud-EGFP, pBud-EGFP/CyPrP, /PrP helix 3 tag, or /PrP helix 3, and pBud-EGFP-Bax, pBud-EGFP-Bax/CyPrP, /PrP helix 3 tag, or /PrP helix 3. Data represents the mean ± SEM of 3 independent experiments. At least 50 to 100 cells were counted. Asterisk indicates a statistically significant difference from pBud-EGFP or pBud-EGFP-Bax (p≤0.05). Table 1 Mutagenesis and cloning methods used to generate the PrP mutants. 
